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FOURIER DESCRIPTOR CLASSIFICATION OF DIFFERENTIAL EDDY CURRENT 
PROBE IMPEDANCE PLANE TRAJECTORIES* 
ABSTRACT 
W. Lord and S. R. Satish 
Department of Electrical Engineering 
Colorado State University 
Fort Collins, CO 80523 
A technique involving the use of Fourier descriptors for 
characterizing impedance plane trajectories to facilitate defect 
classification is presented. The Fourier descriptors are obtained 
by expanding the complex contour function in a Fourier series. 
Functions of Fourier coefficients which are invariant under trans-
formation of the trajectory are derived and incorporated into a 
feature vector. Defect classification is obtained by using the 
K-Means algorithm to cluster the feature vectors. The principal 
advantage of the approach lies in the ability to reconstruct the 
curve from the coefficients. Other advantages include the insensi-
tivity of the descriptors to drift in the eddy current instrument 
as well as variations in probe speed. Experimental evidence attest-
ing to the ability of the approach to discriminate between trajec-
tories and hence identify defects is presented. 
INTRODUCTION 
Eddy current methods of inspecting steam generator tubing in 
nuclear power plants represent an important component of testing 
procedures mandated by the Nuclear Regulatory Commission. Steam 
generators serve to utilize heat from the primary coolant which 
circulates through the core of the nuclear reactor to generate 
steam for the purposes of producing power. Transfer of heat to the 
steam is accomplished by circulating the primary coolant through a 
* Thiswork was sponsored by the Electric Power Research Institute 
under contract RP 1395-2. 
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number of Inconel tubes held at regular intervals by carbon steel 
support plates and surrounded on the external surface of the tube 
by a mixture of water and steam. Over a period of time the support 
plates react with the water and the chemicals naturally present in 
water, to produce magnetite (Fe,04) which accumulates in the crevice 
gap region between the plate and the tube. The growth of magnetite 
in the crevice gap region eventually leads to denting and cracking 
of the tube. Safety and economic considerations dictate the detec-
tion of defective tubes in order that they may be plugged or suit-
ably repaired. 
Eddy current (EC) methods of nondestructive testing play an 
important role in the detection of defects in steam generator 
tubing. The technique involves pushing a differential eddy current 
probe excited by an alternating current source through the tube 
under test. When the probe encounters a defect, perturbations in 
the differential impedance trace a trajectory which is characteris-
tic of the nature of the defect 1• Fig. I shows a typical impedance 
plane trajectory for an axisymmetric OD slot. The principal objec-
tive is to determine the nature of the defect on the basis of 
differences in the impedance plane trajectories. 
Defect classification algorithms being used currently are 
primarily nonparametric in nature. The central theme in all these 
approaches revolves around the concept of identifying a subset of 
features that show a correlation with the nature of the defect. 
The subset is drawn from a large set of features belonging to the 
time frequency and spatial domains. Mucciardi and Shankar2 ,3 use 
the Adaptive Learning Network for identifying the set while Doctor 
and Harrington4 use the linear discriminant approach to select the 
subset. The lack of an underlying model, however, prevents the 
reconstruction of the signal from the selected features. In 
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Fig. I. Typical impedance plane trajectory for an axisymmetric 
OD slot. 
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addition it is difficult to establish an intuitively satisfactory 
relationship between the signal and the selected parameters. 
This paper describes the use of a parametric model for repre-
senting the two dimensional eddy current impedance plane trajectory. 
Principal among the advantages of using the approach lies in the 
ability to reconstruct the trajectory from the model coefficients. 
This affords the user a qualitative means of assessing the validity 
and order of the model and hence the approach itself. The model 
coefficients or their suitable functions could be incorporated into 
a feature vector which, in general, can be used to uniquely represent 
the trajectory. Among the several parametric methods available, the 
Fourier descriptor approach was chosen on the strength of the in-
sensitivity of the coefficients to zero and gain settings of the 
eddy current instrument as well as variations in probe speed. De-
fect identification is accomplished by using the K-Means algorithm 
to cluster the feature vector whose elements are functions of model 
coefficients which are insensitive to drift in the eddy current 
instrument. In addition to describing the approach, experimental 
results attesting to the ability of the method to discriminate 
between signals which are very nearly similar are presented. 
FOURIER DESCRIPTORS 
The use of Fourier descriptors was pioneered by Cosgriff and 
others 5- 7 who use the approach in a variety of applications includ-
ing recognition of hand written characters and military aircraft. 
Basically the approach they adopt involves the expansion of a norm-
alized variant of the cumulative angular function of the curve to 
obtain amplitude coefficients which are invariant under rotation 
translation and scaling of the trajectory. The disadvantage of the 
method lies with the fact that the curves reconstructed are not 
always closed7,8. This paper adopts the approach first suggested 
by Granlund 9,10 which involves the expansion of the contour func-
tion directly. 
Consider a closed curve as shown in Fig. 2. If we define the 
contour function u(!) as 
u(!) = x(!) + jy(!) j (1) 
then 
u(HL) = u(!) (2) 
where x(!) and y(!) are the coordinates of a point ! arc length 
units away from any starting point Po measured in the clockwise 
direction and L is the total length of the curve. The periodic 
nature of the complex function u(!) allows its expansion in a 
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Fig. 2. Contour function u( ) as a function of arc length. 
Fourier series 
00 
u(J/,) (3) 
n=-oo 
where 
(4) 
Since the curve is generally smooth, the coefficients c converge 
rapidly and consequently Eq. (3) can be approximated asn 
u(J/,) (5) 
Knowledge of the coefficients c allows the reconstruction of 
the curve using Eq. (5). However, tHe coefficients cannot be 
incorporated into a feature vector directly since they are sensitive 
to transformation (rotation, translation and scaling) of the curve 
and the choice of the starting point. In order to render the method 
insensitive to drift in the eddy current instrument and obtain de-
scriptors which are sensitive only to the shape of the trajectory, 
functions of these coefficients which meet these requirements need 
to be determined. 
Let the curve y~ be obtained by rotating, translating and scal-
ing the curve y by ~ radians, (a+jb) units and the factor s 
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respectively. If the starting point ofy'is shifted by T arc length 
units in the clockwise direction relative to the starting point of 
y, then it can be shown8 that the coefficients c and c' of the 
curves y and y' are related by n n 
Co + a+jb (6) 
, [j2nnT] exp[J.~]c cn = exp L s ~ n (7) 
If we define d as 
mn 
then 
d 
mn 
m=I,2, ••• 
n=2,3, ••• 
(8) 
[ j2n{l+mh . n j2n{l-nh . m cI+mexp [ L]s exp[Jcj>]] [cl_nexp[ L ]sexp[Jcj>]] 
j2n m+n [clexp[ L ]s exp[jcj>]] 
This shows that the function d is invariant under transformation 
as well as the choice of the s~rting point. Similarly it can be 
shown that 
b 
n 
(9) 
is invariant under transformation of the curve as well as the choice 
of starting point. Hence the function can be incorporated into a 
feature vector. The feature vector, which is related to the shape 
of the curve, can be identified as belonging to one of several 
classes using clustering techniques such as the K-Means algorithm. 
In addition to their insensitivity to drif~ the functions d 
and b are immune to the effects of variation in the probe speed~ 
This is due to the fact that u(~) is not a function of time and 
consequently the coefficients c are independent of probe speed. 
n 
As mentioned earlier, a notable advantage associated with the 
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method lies with the ability to reconstruct from the coefficients 
c. Fig. 3 shows the original and reconstructed trajectories using 
Sncoefficients. In addition to the ability to reconstruct the 
curve, error bounds for the coefficients c have been derivedB• 
n 
Fig. 3. Comparison of original and reconstructed trajectories 
obtained by using S coefficients. 
Estimation of the Descriptors 
Since the functions x and y representing the real and imaginary 
components of the differential impedance are sampled at discrete 
points in practice, the contour u(t) is characterized only at these 
points. If the number of sample points is m, then Persoon and Fu10 
have shown by approximating the closed contour by a m-sided polygon 
having vertices at VO,V1, ••• ,V -1 as shown in Fig. 4, the coeffici-
ents c can be estimateo from ¥he relationship 
n 
where 
and 
L m -j2~ntk 
c = -2 2 L (bk_l-bk ) exp [ L ] 
n 411" n k=l 
Vk+l-Vk 
IVk+l-vkl 
k 
L Iv.-v. 11 i=l ~ 1.-
(10) 
(11) 
(12) 
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Fig. 4. Polygon of m sides approximating the curve. 
The functions band d can be estimated using Eqs. (9) and (8) 
n ron 
respectively. 
CLUSTERING AND IDENTIFICATION 
The N dimensional feature vector containing the functions b 
or d is 'representative' of the impedance plane trajectory. n 
Disc~mination between impedance plane trajectories having differ-
ent shapes can be achieved by clustering the vectors in the multi-
dimensional feature space. By virtue of its simplicity and the 
need for specifying on11 one parameter i.e. the number of clusters, 
the K-Means algorithmS, 1 has been chosen to cluster the feature 
vectors. The K-Means algorithm partitions the set of feature vec-
tors into K disjoint subsets in a manner which minimizes a perfor-
mance index. The performance index is the sum of squared Euclidian 
distances between the cluster center and all the points contained 
within the cluster. The algorithm is iterative in nature and during 
each cycle the cluster centers are updated. The performance of the 
algorithm can be improved significantly if the K cluster centers 
during the first iteration are drawn from K different classes in-
stead of being arbitrarily aSSigned. The feature vectors which are 
aSSigned as cluster centers during the first iteration can be 
treated as training data. The training data can be obtained either 
by deriving the impedance plane trajectory experimentally or by 
using theoretical models such as the finite element mode1 12 ,13 for 
generating defect signatures. The feature vectors are also normal-
ized with respect to the maximum value in each direction in the 
multidimensional feature space. This ensures that equal weight is 
accorded to each element in the feature vector. 
EXPERIMENTAL TESTS AND RESULTS 
In order to verify the ability of the Fourier descriptor 
approach to discriminate between trajectories with subtle differ-
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ences in their shapes, a novel method of generating impedance plane 
trajectories whose shapes could be varied continuously was designed. 
Fig. 5 shows the basic experimental setup consisting of a through 
wall hole defect located in the proximity of a support plate. Con-. 
sequently a probe passing through the region would generate an 
impedance plane trajectory which is a combination of the defect and 
support plate signals. Since the excitation levels are low, the 
system can be assumed to be linear. Consequently the superposition 
theorem can be invoked by summing the real and imaginary components 
respectively of the support plate and defect signals to obtain the 
composite signal. Since the real and imaginary components of the 
impedance plane trajectories are functions of distance, varying the 
the relative distance between the defect and the support plate causes 
changes in the pattern of the impedance plant trajectory. By 
moving a differential probe operating at 100 kHz matched to a 
NOT-15 Eddyscope impedance plane trajectories for values of d 
ranging from 0.0" to 0.9" in increments of 0.1" were obtained. 
The trajectories are shown in Fig. 6. The movement of the probe 
was regulated by a NRC microprocessor controlled X-Y positioning 
system. Fig. 7 shows the X-Y table and positioning system. The 
inphase and quadrature components of the differential impedance 
signal generated by the Eddyscope were sampled and digitized by a 
l2-bit A/D converter resident in a VAX 11/780 computer system. 
Fig. 8 shows a block diagram of the experimental setup. 
The experiment was repeated three times to obtain a total of 
30 signatures. The functions b were computed and normalized with 
respect to the maximum value inneach direction in the multidimen-
sional feature space for each of the trajectories and incorporated 
Diameter of Through 
Wall Hole = 0.187" 
T~~~~~~~~~ 
0.875" 
JL~~~~~~~~mm~ 
Carbon Steel 
Support Plate 
Inconel 600 Tube 
0.75" Nominal 
Fig. 5. Experimental setup used for generating impedance plane 
traj ectories. 
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!\~ ~ KJ 0.4" 0 .5" "-.J\j ~C6 
Fig. 6. Impedance plane trajectories obtained for varying values 
of distance d. 
Fig. 7. X-Y table and positioning system used for generating 
impedance plane trajectories. 
598 W. LORD AND S. R. SATISH 
Suppor t ptate 
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L ___________ ..J 
Fig. 8. Block diagram of the probe position control and data 
acquisition system. 
into the feature vector. The K-Means algorithm was used to cluster 
the vectors using ten feature vectors, one for each value of d, as 
the initial cluster centers. Table 1 shows the results of cluster-
ing. It is seen that all the signatures are classified correctly 
with no misclassification thereby showing that the approach is 
indeed sensitive to minor differences in the shapes of the impedance 
plane trajectories. It can therefore be concluded that the approach 
can be used to identify defects on the basis of differences between 
the corresponding impedance plane trajectories. 
Efforts are currently underway to use the Finite element model 
to generate training data and use the Fourier descriptor approach 
to identify trajectories obtained from steam generators. 
CONCLUS IONS 
In conclusion it has been shown that the Fourier descriptor 
approach represents a powerful tool which enjoys several advantages 
over nonparametric approaches including its insensitivity to drift 
in the eddy current instrument as well as variations in the probe 
speed. A significant advantage of the method lies in the ability 
to reconstruct the signal from the estimated coefficients thereby 
providing a simple tool for verification. Experimental evidence 
confirming the ability of the method to discriminate between tra-
jectories which are very nearly similar has been presented to show 
that the method can be used to identify defects. 
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DISCUSSION 
J.H. Rose (Ames Laboratory): I want to make a general comment. 
It would be very nice if these classification schemes could 
be based on some underlying physical processes. 
CLASSIFICATION OF EC IMPEDANCE TRAJECTORIES 
S.R. Satish: Yes. 
J.H. Rose: I thought that's what you were going to say when you 
talked about this non-heuristic and non-adaptive approach. 
601 
How in fact do you differ from what happened in the past? I 
mean you are still just taking a signal without understanding 
the underlying process and just classifying. 
S.R. Satish: The advantage that we see with this procedure is that 
we can go ahead from the feature vectors and have a quick way 
of verifying whether everything is right or not. 
Now in the approaches used in the past, you have a set of 
numbers and you are not exactly certain as to what you can do 
with those numbers other than classify. That is, you cannot 
get back the original curve at all because they are drawn from 
different domains. True, you cannot identify the nature of 
the process, the underlying physical process from these numbers, 
but then you can definitely get back the original signal. 
The second thing is that looking at the numbers, one can 
find out the number of lobes, for instance, in the curve. 
One can also find out the nature of the complexity of the 
curve from these numbers. 
But the principal advantage that we see here is that we can 
go back and reconstruct the curve. We feel that if you are 
able to do that, you have not lost any information in the 
process. What happens in some of the methods used in the 
past is that you jettisoned a lot of information, and you 
hoped that the information that you have jettisoned is not 
important, and you have no way of verifying whether the in-
formation that you have thrown away is good or not. 
From the Floor: You showed the combination of a whole signal 
and the tube sheet signal? 
S.R. Satish: Right. 
From the Floor: Of course, you would have to know the complete 
range of cracks, of pits, other types of discontinuities 
that would be part of the population that you would be suscep-
tible to? 
S.R. Satish: Right 
From the Floor: Now, I thing this question perhaps gets to the fact 
that when you have combinations that would be identical or 
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similar. how would you discriminate or how would you know 
exactly what you had? 
S.R. Satish: Yes. In fact. I wanted to point that out but then we 
ran out of time. Now the advantage with this is that if you 
happened to know the value of distance--and you can use any 
method for determining the distance--you can also use the 
Fourier descriptor method to calculate the distance. 
Now if you happen to know the distance between the defect and 
the support plate--and in most cases. we know the support plate 
signal--then we can calculate the defect signal merely by 
subtracting the support signal from the composite signal to 
obtain the defect signal. 
So. you have a way of finding out what the defect signal looks 
like from the composite signal provided you know the support 
plate signal, and in most cases, we know in general what the 
support plate signal looks like because we know the spacing, the 
trajectory that you obtain is not very much dependent on the 
fact that the tube is not always concentric with respect to the 
support plate. I don't know if I've answered your question. 
From the Floor: Well, part of it. 
S.R. Satish: Yes? 
J.C. Coffey (CEGB, Manchester, England): This was very interesting 
In practical testing, the modern systems, use two or three 
frequencies yet mix them. 
S.R. Satish: Yes. 
J.C. Coffey: And because the tube support plate signal dominates 
at low frequency--
S.R. Satish: Right. 
J.C. Coffey: And because the tube support plate signal dominates 
at low frequency and the defect signals dominate at high 
frequency, they choose a mixing by calibration so as to suppress 
the support plate signal. Many of the patterns are not as 
complicated as the ones that you have shown. 
S.R. Satish: Right. 
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J.C. Coffey: But could you comment upon the application of your 
methods to multi-frequency systems and also. is there any 
suggestion in what you are saying that by using this mixing of 
high- and low-frequency signals. important information could be 
suppressed? 
S.R. Satish: No. I did not imply that. What I said was that if even 
at the single frequency. if you want to find out what the defect 
signal looks like. we can obtain that merely by subtracting the 
two signals. 
Now. a multi-frequency thing can be handled very easy by these 
Fourier descriptors. The reason why you can do that is we can 
get function from these descriptors which are dependent on the 
frequency. I don't know that I'm clear. If you change the 
frequency. the pattern changes. and from the original 
descriptors. one can obtain functions which are independent of 
even frequency. So. one can use these techniques for obtaining 
frequency-independent functions. 
Now you can also use these if you have three different 
frequencies; you calculate the Fourier descriptors. you can 
classify the defect for all three of them. In that manner. you 
will be obtaining the redundant system and obtaining a better 
classification. 
